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В статье приводится обзор результатов исследований процессов очистки газовых 

и растворных сред от органических (тетрахлорметан, 1,4-дихлорбензол и 2,4-дихлор-

фенол, и др.) и неорганических (Cr(VI), Mn(VII), Cu2+, Fe2+3+, Zn2+, Cd2+, Ni2+ и др.) веществ, 

а также синтеза оксидных материалов на основе вышеуказанных металлов под действи-

ем диэлектрического барьерного разряда (ДБР) и разряда постоянного тока атмосферного 

давления. Работы выполнены в совместных исследованиях, проведенных на кафедрах 

Промышленной экологии и Технологии приборов и материалов электронной техники 

ИГХТУ за последние 10 лет. В результате исследований выявлены кинетические законо-

мерности разложения вышеуказанных органических веществ, т.е. определены эффектив-

ные константы скорости и скорости реакций разложения и их зависимости от пара-

метров ДБР (мощности, расхода газа и раствора). На основе этих данных найдены энер-

гетические эффективности процессов разложения. Определены основные продукты раз-

ложения и их зависимости от параметров разряда. Предложены вероятные механизмы 

протекающих процессов. Показано, что действие разряда постоянного тока на водные 

растворы приводит к восстановлению Cr(VI) и Mn(VII) в составе Cr2O7
2- и MnO4

- до ионов 

Cr3+ и Mn2+. При действии того же разряда на растворы солей, содержащих ионы Cu2+, 

Fe2+3+, Zn2+, Cd2+, Ni2+, наблюдается образование коллоидных растворов гидроксосоедине-

ний указанных ионов. Методами ДРС, СЭМ, ЭРС, РФА ТГА, ДСК определены размеры по-

лучающихся частиц их фазовый и химический состав. Показано, что прокалка получен-

ных частиц приводит к образованию кристаллических оксидов соответствующих ме-

таллов. Таким образом, действие разряда обеспечивает очистку водных растворов от 

тяжелых металлов с образованием оксидных материалов наноразмерного диапазона, ко-

торые обладают полупроводниковыми и каталитическими свойствами. 
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The article provides an overview of the results of research of the purification processes of 

gas and solution media from organic (tetrachloromethane, 1,4-dichlorobenzene and 2,4-di-

chlorophenol, etc.) and inorganic (Cr(VI), Mn(VII), Cu2+, Fe2+3+, Zn2+, Cd2+, Ni2+, etc.) substances, 

as well as the synthesis of oxide materials based on the above metals under the action of a dielectric 

barrier discharge (DBD) and atmospheric pressure DC discharge. The work was carried out in 

joint research conducted at the Departments of Industrial Ecology and Microelectronic Devices 

and Materials of the ISUCT over the past 10 years. As a result of the research, the kinetic regulari-

ties of decomposition of the above organic substances were revealed, i.e. the rate and effective rate 

constants of the decomposition reactions and their dependences on the DBR parameters (power, 

gas and solution flow rates) were determined. On the basis of these data, the energy efficiency of 

decomposition processes was found. The main decomposition products and their dependence on 

the discharge parameters are determined. Probable mechanisms of the ongoing processes were 

proposed. It is shown that the action of a direct current discharge on aqueous solutions leads to the 

reduction of Cr(VI) and Mn(VII) in the composition of Cr2O7
2- and MnO4

- to Cr3+ and Mn2+ ions. 

When the same discharge acts on solutions of salts containing Cu2+, Fe2+3+, Zn2+, Cd2+, Ni2+ ions, 

the formation of colloidal solutions of hydroxo compounds of these ions is observed. The sizes of 

resulting particles, their phase and chemical composition were determined by DLS, SEM, EDX, 

TGA, XRD, DSC methods. It is shown that the calcination of the obtained particles leads to the 

formation of crystalline oxides of the corresponding metals. Thus, the action of the discharge en-

sures the purification of aqueous solutions from heavy metals with the formation of oxide materials 

of the nanoscale range, which have semiconductor and catalytic properties. 

Key words: gas-discharge plasma, aqueous solutions purification, organic and inorganic pollutants, 
oxide materials synthesis 

 
 

INTRODUCTION 

In the past 20 years, over 1000 works devoted 

to the properties of atmospheric-pressure discharges 

operating above and under the surfaces of water me-

dia have been published (see [1-4]). Interest in such 

discharges is motivated by both the need to gain in-

sight into their physics and chemistry and the possi-

bility of using them to solve a number of practical 

problems. Among these problems, we can mention 

biomedical applications [5, 6], excitation sources for 

atomic emission spectroscopy, modification of the 

surface properties of polymer materials and immobili-

zation of other molecules on them (e.g., heterocyclic 

compounds [7, 8]), preparation of catalyst nano pow-

ders and semiconducting compounds, synthesis of 

fullerenes [9], purification of wastewaters and gas 

exhausts from organic compounds [10], etc. It is also 

proposed to use discharge systems to remove pesti-

cides from vegetables and to remediate of polluted 

soils [11, 12]. Plasma systems are attractive because, 

under their action on water, a vast variety of chemi-

cally active particles possessing ether oxidizing or 

reducing properties are generated. The main oxidizers 
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are OH radicals (the standard oxidizing potential  

Е0 = 2.85 V), O atoms (Е0 = 2.42 V), hydrogen perox-

ide (Е0 = 1.68 V), ozone (Е0 = 1.51 V), and НО2  

(Е0 = 1.70 V), while the main reducing agents are hy-

drogen atoms (Е0 = –2.3 V) and molecules and solv-

ated electrons (Е0 = –2.68 V). These particles are 

formed without any additional chemical reagents, 

while the ambient air can serve as a plasma-forming 

gas. Also, the action of the discharge on water leads 

to a change in its pH. Whether water is a cathode or 

an anode, pH decreases or increases [13]. 

In this article, we present the results of our re-

search on the decomposition of some organic chlo-

rine-containing compounds both in the gas phase and 

in aqueous solutions. The results of studies on the puri-

fication of aqueous solutions from heavy metals are 

also presented. At the same time, the resulting chemi-

cal compounds make it possible to obtain practically 

important substances with catalytic, semiconductor and 

magnetic properties. Moreover, the particle sizes of 

these substances can lie in the nanometer range. 

EXPERIMENTAL SETUP 

Two types of DBD reactors were used in the 

work, the schemes of which are shown in Figs. 1, 2. 

In all cases, the discharge was excited from a high-

voltage power supply of industrial frequency (50 Hz). 

Set-up in Fig. 1 was used to process gas mixtures. 

The main plasma-forming gas from cylinder 1 was 

passed through cell 2, where it was saturated with 

pollutant vapor. The resulting mixture of gases en-

tered the DBD 4 cylindrical reactor. The treated gas 

was collected in vessel 5, from where it entered the 

chemical analysis. 

A falling film reactor was used to treat aque-

ous solutions (Fig. 2). The solution in the film mode 

flowed down over the surface of the inner electrode 

covered with fiberglass. The treated solution was ana-

lyzed chemically. 

 

 
Fig. 1. The scheme of the experimental setup for gas treatment.  

1 - oxygen balloon, 2 – valve, 3 - cell with pollutant, 4 – DBD 

reactor, 5 - absorption vessel, 6 – flow meter 

Рис. 1. Схема экспериментальной установки для очистки газа. 

1 - кислородный баллон, 2 - вентиль, 3 - ячейка с поллютантом, 

4 - реактор ДБД, 5 - абсорбционная емкость, 6 – расходомер 

For the treatment of aqueous solutions by a 

direct current (DC) glow discharge, reactors were 

used, the designs of which are shown in Fig. 3 and 4. 

The discharge was ignited by applying a high voltage 

between the surface of the solution and the outer met-

al electrode(s). For fig. 3, the solution served as the 

cathode, and for Fig. 4 one part of the solution was 

the cathode and the other the anode. 
 

 
Fig. 2. DBD reactor for water solution processing. 1 – inner elec-

trode (Al), 2 – Teflon sleeve, 3 – insulator, 4 – outer electrode (Cu 

foil), 5 – Pyrex tube (barrier), 6 – fiberglass coating, 7 – gas out-

let, 8 – gas inlet, 9 - resistor (100 Ohm), 10 – oscilloscope GW 

Instek GDS-2072 (Taiwan), 11 - power supply 

Рис. 2. Реактор ДБР для обработки водных растворов. 1 – внут-

ренний электрод (Al), 2 – тефлоновая втулка, 3 –изолятор, 

4 – внешний электрод (Cu фольга), 5 – пирексовая трубка 

(барьер), 6 – покрытие из стеклоткани, 7 – выход газа, 8 – вход 

газа, 9 – резистор (100 Ом), 10 – осциллограф GW Instek GDS-

2072 (Taiwan), 11 – источник питания 

 

 
Fig. 3. The scheme of the experimental setup. 1 - liquid anode, 

2 - liquid cathode, 3 - titanium electrodes, 4 – membrane 

Рис. 3. Схема экспериментальной установки. 1 - жидкий анод, 

2 - жидкий катод, 3 - титановые электроды, 4 – мембрана 



 

A.A. Guschin et al. 

 

ChemChemTech. 2023. V. 66. N 7  123  

 

 

 
Fig. 4. The schematic diagram of the experimental setup. 1 – data 

acquisition system (PC), 2 – monochromator, 3 - light guide,  

4 – discharge, 5 – ammeter, 6 – direct current power supply,  

7 – electrodes, 8 – reaction vessel, 9 – solution, 10 – voltmeter. 

The solution served as the cathode (-) 

Рис. 4. Принципиальная схема экспериментальной установки. 

1 – система сбора данных (ПК), 2 – монохроматор, 3 – свето-

вод, 4 – разряд, 5 – амперметр, 6 – источник постоянного 

тока, 7 – электроды, 8 – реакционный сосуд, 9 – раствор, 

10 – вольтметр. Раствор – катод (-) 

 

METHODS OF ANALYSIS AND MEASUREMENTS 

The concentrations of organochlorine com-

pounds (OCs) (in liquid and gas phases) at the inlet 

and outlet of the reactor were determined by the gas 

chromatographic method using a Khromatek-5000 

chromatograph with an electron capture detector 

(ZAO Khromatek, Russia). The content of naphtha-

lene was controlled by high performance liquid chro-

matography (HPLC) using a Fluorat 2-M fluorimeter 

(OOO Lumeks, Russia). The control of monobasic 

carboxylic acids was carried out by the photometric 

method using a UNICO-2804 spectrophotometer, 

USA. The concentration of aldehydes was determined 

by the fluorimetric method. The content of oil prod-

ucts was controlled by fluorimetric and IR spectro-

metric methods (Nicolet Avatar 360, USA). The chlo-

rine concentration in the degradation products was 

estimated by the potentiometric method. Determina-

tion of the content of CO and CO2 in the gas phase 

was carried out by gas chromatography (Khromatek-

5000) using a flame ionization detector. The CO2 

concentration in the liquid phase was controlled by a 

potentiometric method. The concentration of ozone 

formed in the discharge zone of the reactor was deter-

mined by absorption spectroscopy by light absorption 

at λ = 254 nm (UNICO-2804, USA). The index of 

chemical oxygen demand (COD) was controlled by the 

photometric method using a Fluorat 2-M fluorimeter. 

For DC discharge, the following techniques 

were used. The measurement of the electric field 

strength (E) in the positive column and cathode poten-

tial drop (Uc) consisted in measuring the total voltage 

drop between the liquid and metal electrodes as a 

function of the cathode-anode distance [14,15]. The 

tangent of the slope of this dependence gives the val-

ue of E, and the segment cut off on the ordinate axis - 

the value of Uc. To determine the geometric dimen-

sions of the discharge and the current densities, we 

used the method of photographic recording of the dis-

charge. The discharge emission spectra in the wave-

length range of 300-900 nm were recorded using an 

Avaspec-2048FT-2 spectrometer (Avantes, the Neth-

erlands) with a diffraction grating of 600 lines/mm 

and an entrance slit width of 50 μm. The real resolu-

tion of the instrument was 1.3 nm. If it was necessary 

to obtain more resolved spectra, an Avaspec-3648 

spectrometer with a diffraction grating of 1200 

lines/mm, an entrance slit width of 10 μm, and a real 

resolution of 0.17 nm was used in the wavelength 

range of 350-400 nm. From the results of spectral 

measurements, the values of the effective vibrational 

temperature were found, which characterize the popu-

lations of the lower excited vibrational states (levels) 

of N2(C3Πu) nitrogen molecules. To do this, we meas-

ured the relative intensities of the electronic-vibra-

tional bands of the С3Пu,B3Пg, V transitions [16]. 

To determine the temperature of the neutral compo-

nent of the gas, we used a method for determining the 

temperature based on measuring the intensities of the 

rotational lines of the electronic vibrational emission 

bands. It is shown that, under the conditions under 

study, identification of the rotational temperature with 

the translational temperature is possible, since the 

distribution of molecules over the rotational levels of 

the excited electronic state obeys the Boltzmann dis-

tribution, and the rotational-translational relaxation 

has ended in the system [14]. 

The processes of formation of colloidal solu-

tions and the properties of the obtained substances 

were studied by the following methods. Turbidimetric 

and nephelometric studies were used to describe the 

kinetics of particle formation processes in solution. 

The solution was illuminated with a beam of light, 

and then the intensity of the transmitted radiation or 

the intensity of the radiation scattered at an angle at 

90° during the discharge was measured. A helium-

neon laser with a wavelength of 632.8 nm was used as 

a radiation source. The laser beam was directed in 

such a way that the radiation passed through the solu-

tion at a distance of 1 mm from its surface; the optical 

length was 45 mm. To register the radiation, an 

AvaSpec-2048FT-2 spectrometer was used. The syn-

thesized powder was taken separately from the bot-

tom and from the near-surface layer of the cell, centri-
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fuged and dried at a temperature of 60°C for 24 h on 

glass substrates. The resulting powders were subject-

ed to X-ray phase analysis (DRON 3M, Burevestnik, 

Russia), the elemental composition of the powders 

was determined by EDX analysis (Aztec EDS, Oxford 

Instrumental, England), thermogravimetric analysis, 

and differential calorimetry (STA 449 F1 Jupiter Ne-

tzsch, Germany) were performed. The morphology 

and particle size of the powders were determined us-

ing scanning electron microscopy (TESCAN VEGA3 

SBH, Czech Republic) and dynamic light scattering 

(Photocor Compact-Z, Photokor, Russia). 

SIMULATION METHODS 

To understand how the discharge initiates 

chemical processes in the solution, it is necessary to 

know the concentrations of active species formed in 

the plasma and their fluxes to the surface of the solu-

tion. The available experimental methods for measur-

ing concentrations are extremely limited. Therefore, 

mathematical modeling is in this case an effective 

method for obtaining such information. In this work, 

we used an approach based on the joint solution of the 

Boltzmann equation for electrons, the equations of 

vibrational kinetics for the ground states of molecules, 

and the equations of chemical kinetics [17]. The cur-

rent densities j and the reduced electric field strengths 

E/N (N is the total concentration of particles) required 

for calculation were taken from experience. For air, 

the initial composition of the gas phase included N2 

and O2 molecules and Ar atoms, as well as atoms and 

molecules that were formed in the gas phase during 

discharge combustion, and H2O molecules coming 

from the solution. When calculating the energy distri-

bution functions of electrons (EEDF), collisions of 

the 1st and 2nd kind were taken into account: with Ar 

atoms in the ground and excited states 1P1, 3P0, 3P1, 
3P2; with O2 molecules in the ground state and meta-

stable O2(a1Δg), O2(b1Σg
+) molecules; with oxygen 

atoms in the ground state and excited O(1D,1S, 3s3S, 

3s5S); with H2 molecules in the ground and vibration-

ally excited states; with H2O molecules in the ground 

and vibrationally excited states; with NO molecules in 

the ground and vibrationally excited states. Electron-

electron collisions were also taken into account. 

When calculating the vibrational kinetics, the excita-

tion-de-excitation of vibrational levels by electron 

impact, single-quantum V-V and V-T exchange, and 

some chemical reactions were taken into account. The 

level constants of the rates of vibrational exchange 

were calculated from the relations of the SSH theory 

with normalization to experimental values, where 

they are known. The equations of vibrational kinetics 

described the vibrational energy exchange in the sys-

tem of ground vibrational states of the O2, N2, H2O, 

NO, and H2 molecules. Since the content of H2O mol-

ecules was not known, it was chosen in such a way as 

to achieve agreement between the calculation of the 

vibrational temperatures of the N2(C3Πu) state, the 

intensities of the emission bands of the N2 second 

positive system (the C3Πu→B3Πg transition), the some 

emission intensities of the Ar lines and oxygen atoms, 

and the experimentally found values [17-20]. The 

equations of chemical kinetics for plasma included 

328 reactions involving electrons, as well as ground 

and excited states of atoms and molecules (O2(X), 

O2(a1Δ), O2(b1Σ), O2(A3Σ), O(3P), O(1D), O(1S), O3, 

O(3p3P), O(3s3S), H2O, H, OH, H2O2, HO2, H2, H, 

N2(X), N2O, NO, NO2, NO3, HNO, HNO2, HNO3, 

N2(X), N2(A3Σu
+), N2(B3Πg), N2(C3Πu), N2(a’1Σ+), 

Ar(X), Ar (1P1,3P0,3P1,3P2) A list of these reactions is 

given in work [20].  

The chemical kinetics equations for solutions 

included 28 components (H2O, H2O2, OH, HO2, 

HNO3, HNO2, HO3, O3, O2, H, H2, NO, NO2, NO3, eaq 

(solvated electron), ONOOH, O, H+, OH-,O-, O2
-, HO2

-, 

O2
-, NO3

-, NO2
-, O3

-,O2
2-, NO2

2- ) and 119 reactions 

between them [21]. This system of stiff kinetic equa-

tions was solved by the 5th order Gear method [22] 

with boundary conditions in the form of a flow of the 

corresponding particles from the plasma at the plas-

ma-solution interface.  

DEGRADATION OF TOXIC COMPOUNDS 

The studied substances were highly toxic, 

persistent compounds (chlorinated organic compounds 

(tetrachloromethane (TCM), 1,4-dichlorobenzene 

(1,4-DCB), 2,4-dichlorophenol (2,4-DCP)). The con-

centrations of the studied compounds in water were: 

2,4-DCP – 5 - 100 mg/l (62-616 µmol/l); TCM - 5 - 

100 mg/l (6.5 - 650 µmol/l). The concentrations of the 

studied compounds in the gas phase were: 2,4-DCP - 

0.06 - 1.0 g/m3 (368 - 6134 µmol/l); 1,4-DCB - 0.076 - 

0.382 g/m3 (517 - 2599 µmol/l); TCM - 0.03 - 1.65 g/m3 

(194 - 10714 µmol/l). In all cases, the plasma-forming 

gas was oxygen (99.8%). 

KINETICS OF DESTRUCTION  

OF VAPOR-GAS MIXTURES 

Studies have shown that the kinetics of the 

destruction of CCl4, 2,4-DCP, 1,4-DCB (dependence 

of the concentration at the outlet of the reactor as a 

function of the residence time of gas in the discharge 

zone) is well described by a formal equation of the 

first kinetic order (determination coefficient R2 > 0.95) 

(see, for example, Fig. 5) [23-25]. 
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Some rate constants and decomposition rates 
are presented in Table 1. Rates correspond to contact 
times tending to zero. The effective rate constants 
decrease with increasing concentration at the reactor 
inlet, however, the decrease is slower than the in-
crease in concentration, which leads to an increase in 
the rate of decomposition and the energy efficiency of 
the process, however, a decrease in the degree of de-
composition is observed. The degrees of decomposi-
tion of substances decrease with increasing their con-
centration. In general, the degrees of decomposition 
of all the investigated substances reach values of 0.8-1. 

When cleaning vapor-gas mixtures, it is im-
portant not only to obtain a high degree of decompo-
sition of the target substance, but also to know the 
composition of the resulting products. At a degree of 
TCM decomposition of 0.99 (concentration at the in-
let is 195 mmol/m3, power is 1 W/cm3, residence time 
is 4.2 s), chloroform (CHCl3), 1,2-dichloroethane 
(CH2Cl-CH2Cl) and trichlorethylene (CCl2=CHCl) 
were found with concentrations less than 0.01 
mmol/m3. The main decomposition products were CO2 
and Cl2 molecules with a yield of about 90%. Approx-
imately the same situation with products is observed 
for 1,4-DCB and 2,4-DCP. The main decomposition 
products are CO2 and Cl2 molecules. Small amounts of 
carboxylic acids and aldehydes are also formed. 

Thus, the dielectric barrier discharge of at-
mospheric pressure is an effective method of destruc-
tion of chlorine-containing compounds in gas mix-
tures (decomposition degree up to 100% under certain  

conditions) at low energy costs. The main decomposi-
tion products are CO2 and Cl2, which are easily neu-
tralized by simple chemical methods into non-toxic 
carbonates (CO3

2-) and chlorides (Cl-). 
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Fig. 5. Dependence of the concentration of TCM at the outlet of 

the DBR reactor on the residence time of the gas with the dis-

charge zone. Specific power is 1 W/cm3. 1, 2 - TCM concentra-

tions at the reactor inlet (Cin) are 30 mg/m3 and 1.65 g/m3, respec-

tively. Points - experiment. Lines - calculation according to the 

equation of the 1st kinetic order 

Рис. 5. Зависимость концентрации ТХМ на выходе из реакто-

ра ДБР от времени контакта газа с зоной разряда. Удельная 

мощность 1 Вт. 1, 2 - концентрации ТХМ на входе в реактор 

(Сin) 30 мг/м3 и 1.65 г/м3 соответственно. Точки - эксперимент. 

Линии – расчет по уравнению 1-го кинетического порядка 
 

Kinetics of destruction in water solution  

As for the gas phase, the decomposition ki-

netics of TCM and 2,4-DCP in their aqueous solu-

tions is well described (R2 > 0.98) by the equation of 

the first kinetic order with respect to the concentration 

of the target substance [26-28]. 
 

Table 1 

Decomposition characteristics of chlorinated derivatives [23-25]. Power is 0.8 W/cm3 

Таблица 1. Характеристики разложения хлорпроизводных [23-25]. Мощность 0,8 Вт/см3 

Substance  
Reactor inlet con-

centration, g/m3  

Decomposition 

rate, cm-3∙s-1  
Rate constant, s-1  

Energy efficiency  

mol/100 eV  kJ/l 

CCl4 
0.03 0.7⋅1014 0.59±0.08 0.0010 2.9 

1.65 10.1⋅1014 0.16±0.02 0.0120 14.5 

2,4-dichlorophenol 1.0 4.4⋅1014 0.22±0.03 0.0035 18.9 

1,4-dichlorobenzene 0.3 2.0⋅1014 0.13±0.05 0.0027 24.0 
 

Table 2 

Decomposition characteristics of chlorinated derivatives in water solutions [26-28] 

Таблица 2. Характеристики разложения хлорпроизводных в водных растворах [26-28] 

Reactor inlet concentra-

tion, mol/l  

Decomposition 

rate, mol/(l.s)  
Rate constant, s-1  

Energy efficiency mole-

cules/100 eV  

ССl4, (power) 5 Вт 

3.25⋅10-4 0.000584 4.89 ± 0.08 1.34 

1.95⋅10-4 0.000319 4.45 ± 0.03 0.78 

9.75⋅10-5 0.000197 5.48 ± 0.19 0.40 

3.25⋅10-5 0.000067 5.61 ± 0.29 0.14 

2,4-ДХФ (2,4-DCP), (power) 10.4 Вт 

6.2⋅10-5 0.00005 2.17±0.17 0.04 

9.3⋅10-5 0.00006 1.90±0.10 0.05 

3.08⋅10-4 0.00023 2.00±0.15 0.17 
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Effective constants, decomposition rates and 
energy efficiencies are shown in Table 2. The energy 
efficiency of 2,4-DCP degradation is significantly 
higher than that of TCM, i.e., aromatic compounds 
are more stable than aliphatic chlorinated hydrocar-
bons. Comparing the efficiency of 2,4-DCP decom-
position processes in the liquid phase with similar 
processes in the gas phase (Table 1), we can conclude 
that in the gas phase they are less efficient by about 
an order of magnitude. The degree of decomposition 
achieved for both compounds is close to unity. 

During the decomposition of TCM, the pres-
ence of small amounts of aldehydes and chloride ions 
in solution was found. CO2 and CO molecules are 
registered in the gas phase. Almost all carbon in CO 
and CO2 corresponds to the amount of decomposed 
TCM, as well as the amount of Cl- ions in the solution. 

Experiments have shown that the decomposi-
tion of 2,4-DCP in solution produces carboxylic acids 
and aldehydes, and carbon dioxide is formed in the 
gas phase. The chlorine formed during decomposition 
is represented by Cl2 molecules in the gas phase and 
Cl- ions in solution.  

PARAMETERS OF DC DISCHARGES  
AND CONCENTRATIONS  

OF ACTIVE SPECIES [17-20, 29] 

Plasma physical parameters 
In all studied plasma-forming gases (O2, N2, 

Ar, air), the discharge has the form of a cone-shaped 
luminous column. In this column, a number of areas 
characteristic of a glow discharge can be distin-
guished: the region of the anode glow, the positive 
column of the discharge, the dark cathode space, and 
the cathode glow. In the wavelength range of 200-
400 nm, the spectral composition of the radiation is 
qualitatively the same for all the studied gases. Emis-
sion bands of the NO γ-system (A2Σ→X2Π transi-
tion), OH-radical (A2Σ→X2Π transition) and the sec-
ond positive N2 system (C3Пu→B3Пg transition) are 
observed in this region. Only the absolute emission 
intensities of the bands of the listed components dif-
fer. The presence of NO and OH emission bands, as 
well as hydrogen lines in argon, nitrogen, and oxygen 
plasmas, is associated with the transfer of liquid cath-
ode decomposition products into the gas phase—
hydrogen and oxygen atoms or molecules and hy-
droxyl radicals. The presence of weak emission bands 
of the second positive nitrogen system in pure argon 
and oxygen is associated with the transition to the gas 
phase of nitrogen molecules dissolved in water. The 
long-wave part of the spectrum is individual for each 
working gas. For oxygen and air plasmas, these are 
emission lines of atomic oxygen; for argon plasma, 
these are emission lines Ar. 

The measured dependences of the cathodic 
potential drop, the reduced electric field strengths, the 
powers put into the discharge, the gas temperatures, 
and the vibrational temperatures on the pressure of the 
plasma-forming gas are shown in Figs. 6-10. 

For the studied molecular plasma-forming 
gases, the mechanisms of gas heating are considered. 
It has been established that in all molecular gases, the 
heating of the gas is due to the processes of transfer-
ring the energy of vibrational excitation of molecules 
(VEM) into thermal energy (V-T relaxation). In oxy-
gen plasma, the characteristic V-T relaxation times 
are much shorter than the diffusion residence times of 
the VEM for the plasma zone. For plasmas of air and 
nitrogen, the opposite picture is observed. Therefore, 
in O2 plasma, almost all the energy deposited in the 
VEM is released in the plasma zone, while for a dis-
charge in air and nitrogen, a significant part of the 
energy is carried out by the VEM outside the dis-
charge zone. This feature determines higher tempera-
tures for O2 plasma. For a discharge in nitrogen and in 
air, it is shown that vibrationally excited nitrogen 
molecules in the ground state have a strong effect on 
the EEDF due to superelastic collisions with electrons. 
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Fig. 6. Cathodic potential drop vs pressure. Ip=40 mA: 1,2,3 - air; 

4 - O2; 5,6 - N2; 7,8 – Ar. 2,3,6,8 - literature data 
Рис. 6. Катодное падение потенциала как функция давления. 
Ip=40 мА: 1,2,3 – воздух; 4 – O2; 5,6 – N2; 7,8 – Ar: 2,3,6,8 – дан-

ные литературы 
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Fig. 7. Reduced electric field strength in the positive discharge col-

umn as a function of pressure. Ip=40 mA. 1 – air; 2 - N2; 3 - O2; 4 - Ar 
Рис. 7. Приведенная напряженность электрического поля в 

положительном столбе разряда как функция давления.  
Ip=40 мА: 1 – воздух; 2 – N2; 3 – O2; 4 – Ar 
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Fig. 8. Gas temperatures (Tg) as a function of pressure. Iр=40 mA: 

1 – air; 2 - N2; 3 - O2; 4-Ar 

Рис. 8. Газовые температуры (Tg) как функции давления. 

Iр=40 мА: 1 – воздух; 2 – N2; 3 – O2; 4 – Ar 
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Fig. 9. Power deposited in the discharge as a function of pressure. 

Iр=40 mA: 1 – air; 2 - N2; 3 - O2; 4-Ar 

Рис. 9. Вкладываемая в разряд мощность как функция давле-

ния. Iр=40 мА: 1 – воздух; 2 – N2; 3 – O2; 4 – Ar 
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Fig. 10. Calculated and measured vibrational temperature of 

N2(C3Πu) as a function of pressure. Iр=40 mA.: 1 – air; 2 - N2. 

Points - experiment, lines – calculation 

Рис. 10. Расчетная и измеренная колебательная температура 

N2(C3Пu) как функция давления. Iр=40 мА.: 1 – воздух; 2 – N2. 

Точки - эксперимент, линии – расчет 

 

Chemical composition of plasma  

Modeling of the plasma composition showed 

that the qualitative composition of the formed parti-

cles is the same regardless of the type of plasma-

forming gas. The main oxygen-containing species are 

H2O, OH, H2O2, O(3P) and HO2. Discharge plasmas 

in oxygen and air also contain a significant number of 

metastable states O2(a1g) and O2(b1Σ+g). When dis-

charged in air, NO, NO2, N2O, HNO2 HNO3 mole-

cules are also formed. Figs 11-14 show the depend-

ences of the concentrations of the main neutral com-

ponents in air plasma on pressure. 
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Fig. 11. The concentration of nitrogen oxide molecules in the 

discharge in air as a function of pressure. Ip = 40 mA. 1 - NO;  

2 - NO2; 3 - N2O; 4 - NO3 

Рис. 11. Концентрации молекул оксидов азота в разряде в 

воздухе как функция давления. Iр=40 мА. 1 – NO; 2 – NO2;  

3 – N2O; 4 – NO3 
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Fig. 12. Concentrations of HNO2, HNO3 and HNO molecules in a 

discharge in air as a function of pressure. Iр=40 mA: 1 – HNO3;  

2 - HNO2; 3-HNO 

Рис. 12. Концентрации молекул HNO2, HNO3 и HNO в разря-

де в воздухе как функция давления. Iр=40 мА: 1 – HNO3;  

2 – HNO2; 3 – HNO 
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Fig. 13. Concentrations of H2O2 molecules and OH and HO2 radi-

cals in air as a function of pressure. Iр=40 mA: 1 – H2O2; 2 - HO2; 

3-OH 

Рис. 13. Концентрации молекул H2O2 и радикалов OH и HO2 в 

воздухе как функция давления. Iр=40 мА: 1 – H2O2; 2 – HO2;  

3 – OH 
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Fig. 14. Hydrogen peroxide concentrations (1,2) and solution pH 

(3.4) as functions of time for discharge in air at a current of 40 mA. 

Points - experiment, lines – calculation. 1, 3 – liquid cathode.  

2, 4 – liquid anode 

Рис. 14. Концентрации пероксида водорода (1,2) и рН раство-

ра (3,4) как функции времени для разряда в воздухе при токе 

40 мА. Точки - эксперимент, линии – расчет. 1, 3 – жидкий 

катод. 2, 4 – жидкий анод 

CHEMICAL TRANSFORMATIONS  

IN AQUEOUS SOLUTIONS INITIATED  

BY THE ACTION OF A DISCHARGE 

To understand the possibilities of using a so-

lution activated by the action of a discharge, infor-

mation is needed on the types and concentrations of 

active particles formed in the solution. And the de-

termination of the main reactions of formation and 

decay of particles is of interest from the point of view 

of predicting changes in the properties of the solution 

with changes in the discharge parameters. Unfortu-

nately, the possibilities of experimental methods for 

determining the concentrations of short-lived parti-

cles, such as radicals, are severely limited. For exam-

ple, the use of radical scavengers is hindered by the 

fact that, due to the complex chemical composition of 

the solution, the scavengers, as well as the substances 

obtained from them (which are identified), can react 

simultaneously with several components of the solu-

tion. Experimental data are available for hydrogen 

peroxide concentrations, pH values, and nitrite and 

nitrate ion concentrations [21]. For this reason, math-

ematical modeling actually becomes a tool for study-

ing the composition of a solution and the mecha-

nisms of reactions occurring in it. 
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Fig. 15. Changes in the concentration of components over time. 

1-12: O2, H2, HNO2, HO2, ONOOH, NO2, HNO3, NO, OH, O2-, 

O3, O-, respectively. Gas is air. Discharge current 40 mA. Solu-

tion is cathode 

Рис. 15. Изменение концентрации компонентов во времени. 

1-12: O2, H2, HNO2, HO2, ONOOH, NO2, HNO3, NO, OH, O2-, 

O3, O- соответственно. Газ – воздух. Ток разряда 40 мА. 

Раствор – катод 

 

The concentrations of the solution compo-

nents obtained in the experiment and during simu-

lation for a direct current discharge in air are shown 

in Fig. 14, 15. The results of calculations of the 

fluxes of the main components from the discharge 

to the solution surface showed that they differ not 

too much for both the liquid cathode and the liquid 

anode. And the differences in the kinetics and con-

centrations of species in the solution are due to the 

fact that in the liquid cathode, unlike the anode, 

there is a channel for the formation of hydrogen 

peroxide, due to the bombardment of the solution 

surface by positive ions accelerated in the cathode 

potential drop. This leads to the fact that the con-

centration of hydrogen peroxide in the liquid anode 

is at least two orders of magnitude lower than in the 

liquid cathode. This explains the higher efficiency 

of the liquid cathode compared to the anode in the 
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reduction reactions Cr(VI) and Mn(VII), where hy-

drogen peroxide plays the main role due to the re-

actions Cr2O7
-+ 8H++H2O2→2Cr3++5H2O+2O2 and 

2MnO4
-+ 6H++5H2O2→2Mn2++8H2O+5O2 (stoichio-

metric equations, acidic environment) [30-36]. The de-

composition of H2O2 with the formation of OH radi-

cals provides a significantly higher concentration of 

OH in the liquid cathode. For this reason, it can be 

expected that the processes of oxidative degradation 

of organic compounds in a liquid cathode will be 

more efficient. But we are not aware of such studies. 

In the liquid anode, the concentrations of NO and 

NO2
- ions are higher than in the liquid cathode, while 

the concentrations of NO3
- ions are close. For a liquid 

cathode and an anode, the dependences of the pH of 

the solution on the treatment time differ fundamental-

ly. If in the first case, pH monotonically decreases 

with increasing time, and then in the second case, af-

ter passing through the minimum, an increase in pH is 

observed. The reason for the increase in pH is associ-

ated with the formation of solvated electrons due to 

the bombardment of the liquid anode by plasma elec-

trons. The reactions of these electrons decrease the 

concentration of H+ ions and increase the concentra-

tion of OH- ions, which leads to an increase in pH. 

Such changes in pH explain the predominant for-

mation of metal hydroxy compounds in solution, 

which is the anode. An increase in the pH of the solu-

tion ensures an increase in the concentration of OH- 

ions. When the solubility limit is reached, insoluble 

particles of the corresponding compound are formed. 

Indeed, the experiment [37-42] shows that when a 

discharge acts on a liquid anode containing salts of 

cations Zn2+, Cd2+, Fe3+, Cu2+, colloidal solutions are 

first formed, the destruction of which leads to the 

formation of precipitates. The resulting colloidal par-

ticles have both a crystalline structure (compounds of 

zinc, cadmium, copper) and amorphous (in the case of 

iron). The resulting structures are mainly hydroxo 

compounds, oxides and hydroxides. So, for solutions 

of copper nitrates, these are ruatite (Cu2(NO3)(OH)3) 

and copper oxide (CuO, monoclinic). In solutions of 

cadmium nitrate, crystalline Cd(NO3)(OH)2∙H2O, β, 

and γ Cd(OH)2 are formed. The calcination of all pre-

cipitates obtained in an air atmosphere leads to the 

formation of the corresponding oxides.  

The resulting colloidal particles form from 

two to three fractions, depending on their size. The 

average size of one of the fractions is in the nanome-

ter range. A typical particle size distribution is shown 

in Fig. 16.  

The process of formation of colloidal particles 

has its own kinetics. A typical dependence of the light 

transmission of a solution on the plasma treatment 

time is shown in Fig. 17. In the semi-logarithmic co-

ordinates, two linear dependences are clearly ob-

served. The processing allows one to determine effec-

tive rate constants or characteristic times.  

These data show that the formation of colloi-

dal particles and their subsequent sedimentation in-

cludes two stages. The first slow stage (the induction 

period) points to a threshold nature of the process. A 

particular critical concentration of particles is required 

to start the process, leading to their coagulation (the 

so-called coagulation limit). The magnitude of the 

induction period depends on the discharge current and 

initial concentration: the higher the current and con-

centration, the less the induction period. 

Obtained in this way oxide materials have 

semiconductor properties, high specific surface area 

and catalytic properties. 

 

10
0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

0.01

0.02

0.03

0.04

0.05

0.06
R

e
l.
 i
n

te
n

s
it
y

Intensity distrib., nm  
Fig. 16. Spectrum of dynamic light scattering for particles of a 

colloidal solution obtained from cadmium nitrate 

Рис. 16. Спектр динамического рассеяния света для частиц 

коллоидного раствора, полученного из нитрата кадмия 

 

 
Fig. 17. The dependence of the normalized light transmission of 

the Сu(NO3)2 solution on the processing time. Discharge current 

is 40 mA. Initial concentration is 0.005 mol·L-1 

Рис. 17. Зависимость нормированного светопропускания рас-

твора Сu(NO3)2 от времени обработки. Ток разряда 40 мА. 

Начальная концентрация 0,005 моль∙л-1 
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CONCLUSION 

Thus, atmospheric pressure gas discharges are 

an effective way to purify gases and aqueous solu-

tions from organic and inorganic contaminants. Along 

with the purification of aqueous solutions from heavy 

metal cations, nanometer-sized oxide materials can be 

obtained. These materials can be used as semiconduc-

tors and catalysts. 
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